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Abstract
The regulatory genes lanI and lndI have been cloned from the landomycin A (LaA) producer Streptomyces cyanogenus S136 and from
the landomycin E (LaE) producer Streptomyces globisporus 1912, respectively and both have been sequenced. A culture of S. globisporus
I2-1 carrying a disrupted lndI gene did not produce LaE and other related intermediates. Complementation of S. globisporus I2-1 with
either the lndI or lanI gene reconstituted LaE production indicating that LanI and LndI are involved in activation of structural genes in
the respective clusters. Structural features of these regulatory genes are discussed.
< 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Streptomyces cyanogenus S136 and Streptomyces globi-
sporus 1912 are producers of the antitumor angucyclines
landomycin A (LaA) and landomycin E (LaE) which con-
sist of the same polyketide glycosylated moiety with sugar
chains of di¡erent lengths (hexa- and trisaccharide, respec-
tively) (Fig. 1). LaE can be regarded as an intermediate in
the biosynthetic pathway to LaA, but has never been de-
tected in S. cyanogenus S136 extracts, not even in trace
amounts [1].
Gene clusters for the biosynthesis of di¡erent angucy-
clines have been studied, but little attention has been paid
to regulation at pathway-speci¢c and cellular levels. Only
in the Streptomyces venezuelae ISP5230 gene cluster for
jadomycin B biosynthesis the regulatory gene pair jadR2/
jadR1 (JadR2 ^ repressor of jadR1, jadR1 ^ activator of
structural jad genes) has been identi¢ed and studied, and
its relevance for jadomycin B production been demon-
strated [2]. The gene clusters for LaA (lan cluster) and
LaE (lnd cluster) biosynthesis have been cloned and
enough sequence data have been obtained to set up com-
plete genetic maps of these clusters [3^5]. A large number
of genes in lnd cluster ¢nd their homologous counterpart
in lan cluster, and both clusters display a widely similar
organization (Fig. 2). No lanGT3, lanZ2, and lanK (encod-
ing a putative repressor of LanJ) homologues were found
within the lnd cluster, and the lan cluster lacked an lndI
homologue [5,6]. Here we report the search for further
regulatory genes in both clusters and the identi¢cation of
lanI in S. cyanogenus S136. The involvement of lanI and
lndI genes in positive regulation of landomycin production
in S. globisporus and S. cyanogenus, respectively, was dem-
onstrated by gene disruption and complementation experi-
ments.
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2. Materials and methods
2.1. Bacterial strains and plasmids
S. globisporus 1912, wild-type LaE producer, was used
for fermentation and gene disruption experiments. Esche-
richia coli DH5K (Life Technologies) was used for routine
subcloning. E. coli ET12567 [dam-13 : :Tn9(Cmr) dcm-6
hsdM] harboring the conjugative plasmid pUB307 (gift
from C.P. Smith, UMIST, Manchester, UK) was used to
perform intergeneric conjugation from E. coli to S. globi-
sporus [7]. Phage LambdaGEM1.8 (lnd cluster) and cosmid
R3-81 (lan cluster) were sources of DNA for subcloning
and sequencing (Fig. 2). pBluescript IIKS and pUC19
were obtained from MBI Fermentas. Disruption plasmid
pTI3 was constructed using the suicide vector pTNK [7].
pSET152 [8] was used to construct plasmids pSI2-9 and
pSlanI6 for complementation studies (carrying lndI and
lanI, respectively; Fig. 2). Plasmid pKAPA containing a
kanamycin resistance cassette was obtained from A. Ya-
nenko (State Institute of Genetics and Selection of Indus-
trial Microorganisms, Moskow, Russia). The lndI knock-
out strain S. globisporus I2-1 was used in complementation
experiments.
2.2. Culture conditions
E. coli strains for plasmid isolation and S. globisporus
strains for total DNA isolation were grown as described
[9,10]. LaE was produced in liquid SG medium (20 g l31
glucose, 10 g l31 soy peptone, 2 g l31 CaCO3, 1 mg l31
CoCl2 ; pH 7.2 prior to sterilization). The E. coli strain ET
12567 (pUB307) carrying plasmids for conjugal transfer
was grown on LB medium containing kanamycin (Km;
50 Wg ml31), chloramphenicol (Cm; 25 Wg ml31) and apra-
mycin (Am; 25 Wg ml31) for 14 h. Spores of S. globisporus
strain for conjugation were harvested from a sporulated
lawn grown on oatmeal medium [7].
2.3. DNA manipulations
Genomic DNA from S. globisporus strains and plasmid
DNA from E. coli were isolated using standard protocols
[9,10]. T4 DNA ligase, Klenow fragment, VENT thermo-
polymerase and restriction enzymes were used as recom-
mended by the suppliers. Other DNA manipulations were
performed following standard procedures as speci¢ed by
manufacturers (NEB, Invitrogen, Boehringer Mannheim,
Pharmacia). Intergeneric matings were performed as de-
scribed [7].
2.4. Cloning and sequencing of DNA fragments from lnd
and lan clusters
Subclones of lnd and lan clusters used during the course
of the work are presented on Fig. 2. A 7.5 kb SacI frag-
ment was subcloned from LambdaGEM1.8 into pUC19
yielding pUR7. A 3 kb EcoRI fragment containing the
entire lndI reading frame was subcloned from pUR7 into
pSET152, to generate pSI2-9. In this construct an EcoRI
site is located 286 bp upstream of the lndI start codon. By
removing the 1.3 kb BamHI fragment from pSI2-9 which
contains all of lndI except for the 48 3P-terminal nucleo-
tides, plasmid pSIvB was created. It lacks the lndI gene
but has the 2 kb lndI 3P-£anking region. A 4.8 kb KpnI
fragment from cosmid R3-81 was subcloned into pBlue-
script II to yield pKlanI. A 3 kb SmaI fragment containing
lanI and surrounding sequences was completely excised
from pKlanI and subcloned into the EcoRV site of
pSET152, to generate pSlanI. DNA sequences were deter-
mined on an ABI sequencer. DNA was sequenced via
primer walking using R3-81 and pUR7 (Fig. 2) as tem-
plates. Sequences were analyzed using DNASIS software
(version 2.1, Hitachi Software Engineering). The accession
number for the lanI sequence is AY187683. BLAST was
used with individual open reading frame (ORF) sequences
to search the GenBank nucleic acid and protein databases.
Sequences were aligned and their relatedness was assessed
with CLUSTAL W [11].
2.5. lndI gene disruption
The preferred target for insertional inactivation was a
PstI site 383 bp downstream of the lndI start codon (Fig.
2A). To simplify subcloning procedures, a derivative of
pBluescript II was created (pBuevPstI), in which the
PstI site has been eliminated from the polylinker by ¢lling
in the PstI cohesive ends. A 4 kb SacI^EcoRV fragment
was subcloned from pUR7 into pBuevPstI, to create
pKI4. The kanamycin resistance cassette kan from pKA-
PA was excised as a PstI fragment and cloned into PstI
linearized pKI4 in the same transcriptional orientation as
lndI (plasmid pKI1km). The SacI^EcoRV fragment con-
taining the disrupted allele of lndI was excised from
pKI1km, blunt-ended with the Klenow fragment and li-
gated into the EcoRV site of the suicide vector pTNK [7]
to set up the ¢nal construct pTI3 (Fig. 2A) for lndI gene
replacement.
2.6. Authentication of disrupted and complemented strains
Southern blot analysis (DIG DNA labeling and detec-
tion kit ; Boehringer Mannheim) was used to con¢rm the
lndI disruption. Also, polymerase chain reaction (PCR)
analysis was performed to demonstrate the replacement
of the lndI gene with lndI: :kan. Oligonucleotide primers
to the ends of lndI were designed for this purpose (LND3:
5P-CTACGGAGATCCGAGCCG-3P ; LND5: 5P-CAGC-
ACGTTCGGCGAATC-3P) and PCR was performed us-
ing total DNA from wild-type and I2-1 disrupted strains
as templates. The 2.1 kb PCR product obtained from the
I2-1 strain was cloned into pUC19 and sequenced from
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both ends, con¢rming that the mutant lndI: :kan had been
obtained. Integration of plasmids pSI2-9, pSIvB and pSla-
nI into the S. globisporus I2-1 chromosome was veri¢ed by
Southern hybridization using DIG-labeled lndI/lanI gene
and oriT fragment as probes.
2.7. LaE production and metabolite analysis
S. globisporus strains were grown in SG medium for 2
days at 30‡C in a rotary shaker (250 rpm). The culture
broth was extracted with an equal volume of ethyl acetate.
Extracts were dried in vacuum, dissolved in methanol and
examined by reverse phase high performance liquid chro-
matography (HPLC) analysis at 451 nm as described [16].
3. Results and discussion
3.1. Sequencing of lnd and lan clusters £anking regions
Only two regulatory genes in lan and lnd clusters have
so far been identi¢ed. They are lanK and lndI, respectively.
This prompted us to look for further lan/lnd regulatory
genes in both landomycin producing strains. Approxi-
mately 5 kb of DNA were sequenced at both ends of
the lnd cluster. Upstream from lndI and downstream
from lndZ6 several reading frames with a high degree of
homology to genes involved in primary metabolism were
identi¢ed. A 600 bp DNA fragment situated 80 bp up-
stream from lndE showed 50% of similarity to several
genes for eukaryotic membrane proteins. No other
ORFs were identi¢ed within the 2 kb region located be-
tween lndI and lndE. The data indicate that lndI and lndZ6
de¢ne the borders of S. globisporus lnd cluster and no
further regulatory genes are present in the lnd cluster.
Roughly 7 kb of DNA were sequenced at both ends of
the lan cluster. A 783 bp ORF was identi¢ed 817 bp down-
stream of lanZ6, potentially encoding an antibiotic biosyn-
thesis regulatory protein. This ORF, now referred to as
lanI, is transcribed convergently with respect to lanZ6
transcriptional orientation. Interestingly, lanI is localized
on the opposite side with respect to the lndI localization in
the lnd cluster (Fig. 2).
Sequencing of DNA downstream of lanE and upstream
of lanI did not reveal any further potential reading frame
for LaA biosynthesis or regulation.
3.2. lanI sequence analysis suggests its involvement in
regulation of LaA production
Database searches using the BLAST X software showed
that the deduced amino acid sequence of LanI resembles
JadR1, a known positive regulator from S. venezuelae
ISP5230 jadomycin B biosynthesis gene cluster (60.4%
identical amino acids) [2], LndI, a putative activator of
lnd genes (59.4% identity) [6], Sim1, a regulator from the
simocyclinone cluster [13], and OmpR, an osmoregulatory
protein from E. coli (31.7%) [12]. Several conserved amino
acid residues can be detected in the LanI sequence, a ser-
ine (S26), an aspartate (D86; possible phosphorylation site
by sensor kinase), and a lysine (K140), which is crucial for
enzyme activity [2,12]. Like JadR1, LanI can be classi¢ed
as representative of the OmpR-PhoB subfamily of regula-
tor proteins [14], which contain K-helices and L-folds in
their C-terminal regions, leading to speci¢c winged helical
structures, responsible for DNA binding and interaction
with RNA polymerase [12,14]. Another interesting fact is
the presence of a rare TTA codon at position 21 in lanI, as
well as in lndI (position 8). Availability of tRNALeu for
this codon has been shown to be essential for expression of
some genes harboring TTA codons [15,17,18] but has also
been described as a reason for mistranslation of regulatory
genes [19].
3.3. Disruption of lndI resulted in LaE non-producing
phenotype of S. globisporus
The suicide vector pTI3 was introduced into S. globi-
sporus 1912. Amr Kmr LaE producing colonies were ob-
tained. After screening for Am sensitive clones strain I2-1
was obtained. Genomic DNA was extracted from S. glo-
bisporus 1912 and I2-1, digested with BamHI and probed
by Southern hybridization with a DIG-labeled 544 bp in-
ternal lndI HindIII^BamHI fragment (Fig. 2A). A strong
single signal at 6.5 kb was detected when probing wild-
type DNA, whereas a 7.8 kb signal was obtained when
DNA from I2-1 was used. This 7.8 kb signal corresponds
to an integrated 1.3 kb km cassette within the 6.5 kb
BamHI fragment of the lnd cluster. PCR analysis (see
Section 2 and Fig. 2B) also con¢rmed the disruption of
lndI by replacement with lndI: :kan. Strain I2-1 grows and
sporulates normally, but when it was grown in SG me-
dium neither LaE nor its biosynthetic intermediate pro-
duction was detectable (Fig. 3). These data as well as
the similarity of LndI with regulatory proteins suggest
that lndI is involved in positive regulation of LaE produc-
tion.
Fig. 1. Chemical structure of landomycins mentioned in the paper.
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3.4. Introduction of lndI and lanI genes into I2-1 strain
restored LaE production
Although lndI is localized 2 kb upstream of lndE gene,
we wanted to exclude the possibility that any polar e¡ects
had led to the inhibition of LaE production. A 3 kb EcoRI
fragment containing the lndI gene (including a 286 bp
DNA region upstream of lndI and approximately 2 kb
of downstream DNA) cloned into the integrative vector
pSET152 (pSI2-9) was introduced into I2-1 for comple-
mentation. LaE was identi¢ed in extracts of I2-1 (pSI2-
9) in 15-fold higher amounts than in extracts of S. globi-
sporus, as was evident from HPLC analysis. High level of
LaE production might be explained by increased number
of lndI gene copies, because vector pSET152 used for
pSI2-9 construction integrates into three sites of S. globi-
sporus chromosome [7].
These data also support our speculation about the reg-
ulatory function of LndI, since an increased dosage of a
positive regulatory gene has been shown to increase the
production of other natural products [2,15]. When I2-1
was transformed with plasmid pSIvB, which did not con-
tain the entire lndI gene, LaE production was not restored.
To demonstrate that the functions of lanI and lndI are
identical, lanI (located on a 3 kb SmaI fragment; Fig.
2C) was also ligated into pSET152 and introduced into
I2-1. Again, LaE production was restored indicating iden-
tical functions of LanI and LndI.
Results presented above clearly show that landomycin
Fig. 3. HPLC analysis of extracts from the strains 1912 (A) and I2-1
(B). Numbers 1, 2 and 3 indicate landomycin D, monoglycosylated
landomycinone and landomycinone, respectively. On axis y relative ab-
sorption units (AU) are plotted, re£ecting the abundance of each peak
detected at wavelength V=451 nm. On axis x retention time of com-
pounds is plotted (in min). Under conditions stated LaE has Rt of 20.2
min.
Fig. 2. A: Organization of S. globisporus 1912 lnd cluster [5]. Empty regions between genes lndGT1 and lndJ, lndZ1 and lndGT4 marked by bidirectional
arrows are included solely to facilitate the lnd and lan clusters comparison. lnd gene functions are the same as for lan genes [3]. B: Results of I2-1 ge-
nomic DNA PCR analysis (see Section 2). Lane 1, 1 kb ladder; PCR products obtained from templates: plasmid pUR7 (lane 2), 1912 total DNA (lane
3), plasmid pTI3 (lane 4), I2-1 total DNA (lane 5). Lanes 2, 3, intact lndI was ampli¢ed; lanes 4, 5, disrupted allele lndI: :km has been obtained.
C: Organization of S. cyanogenus S136 lan cluster [3]. Regulatory genes are drawn as black boxes; other genes as empty boxes. Subclones of lnd and
lan clusters used in course of work are presented as black lines. Black triangle on pTI3 subclone marks disrupted lndI gene with 1.3 kb kanamycin resis-
tance cassette km. Probe I indicates the DNA fragment used as probe for Southern analysis of the I2-1 mutant. Relevant restriction sites are marked
on lambdaGEM1.9 and R3-81 (B, BamHI; Sa, SacI; E, EcoRI; H, HindIII; Ev, EcoRV; K, KpnI ; S, SmaI).
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production in Streptomyces strains is positively regulated
by genes coding for putative transcriptional activators.
These genes constitute probably the lowest level of regu-
latory hierarchy governing landomycin production, and
their expression can be a¡ected by regulators of higher
order, as it is shown for actinorhodin production [15]. In
the light of our ¢ndings unsuccessful attempts to express
the whole lan cluster on cosmid H2-26 in Streptomyces
coelicolor CH999 [3] could possibly be explained by the
absence of a pathway-speci¢c regulator in this experiment,
as lanI is not located on cosmid H2-26. In the past the
expression of whole biosynthetic pathways in heterologous
strains has very often failed, and we believe that more
knowledge about the function of regulatory genes and
proteins will help to increase the number of natural com-
pounds obtained by genetic engineering.
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